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(7) ABSTRACT

A field effect semiconductor device comprising a high
permittivity hafnium (or hafnium-zirconium) nitride gate
dielectric and a method of forming the same are disclosed
herein. The device comprises a silicon substrate 20 having a
semiconducting channel region 24 formed therein. A
hafnium (or hafnium-zirconium) nitride gate dielectric layer
36 is formed over this substrate, followed by a conductive
gate 38. Hafnium (or hafnium-zirconium) nitride gate
dielectric layer 36 has a dielectric constant is significantly
higher than the dielectric constant of silicon dioxide.
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HAFNIUM NITRIDE GATE DIELECTRIC

FIELD OF THE INVENTION

[0001] This invention relates generally to semiconductor
device structures and methods for forming such, and more
specifically to such structures and methods related to gate
dielectrics for field effect devices formed on integrated
circuits.

BACKGROUND OF THE INVENTION

[0002] Semiconductor devices such as field effect transis-
tors are common in the electronics industry. Such devices
may be formed with extremely small dimensions, such that
thousands or even millions of these devices may be formed
on a single-crystal silicon substrate or “chip” and intercon-
nected to perform useful functions in an integrated circuit
such as a microprocessor.

[0003] Although transistor design and fabrication is a
highly complex undertaking, the general structure and
operation of a transistor are fairly simple. With reference to
FIG. 1, a simplified field effect transistor is shown in
cross-section. In a field effect transistor a portion of the
substrate (or epi-layer) 100 near the surface is designated as
the channel 120 during processing. Channel 120 is electri-
cally connected to source 140 and drain 160, such that when
a voltage difference exists between source 140 and drain
160, current will tend to flow through channel 120. The
semiconducting characteristics of channel 120 are altered
such that its resistivity may be controlled by the voltage
applied to gate 190, a conductive layer overlying channel
120. Thus by changing the voltage on gate 190, more or less
current can be made to flow through channel 120. Gate 190
and channel 120 are separated by gate dielectric 180; the
gate dielectric is insulating, such that between gate 190 and
channel 120 little or no current flows during operation
(although “tunneling” current is observed with thin dielec-
trics). However, the gate dielectric allows the gate voltage to
induce an electric field in channel 120, giving rise to the
name “field effect transistor.”

[0004] Generally, integrated circuit performance and den-
sity may be enhanced by “scaling”, that is by decreasing the
size of the individual semiconductor devices on a chip.
Unfortunately, field effect semiconductor devices produce
an output signal that is proportional to the length of the
channel, such that scaling reduces their output. This effect
has generally been compensated for by decreasing the
thickness of gate dielectric 180, thus bringing the gate in
closer proximity to the channel and enhancing the field
effect.

[0005] As devices have scaled to smaller and smaller
dimensions, the gate dielectric thickness has continued to
shrink. Although further scaling of devices is still possible,
scaling of the gate dielectric thickness has almost reached its
practical limit with the conventional gate dielectric material,
silicon dioxide. Further scaling of silicon dioxide gate
dielectric thickness will involve a host of problems:
extremely thin layers allow for large leakage currents due to
direct tunneling through the oxide. Because such layers are
formed literally from a few layers of atoms, exacting process
control is required to repeatably produce such layers. Uni-
formity of coverage is also critical because device param-
eters may change dramatically based on the presence or
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absence of even a single monolayer of dielectric material.
Finally, such thin layers form poor diffusion barriers to
impurities.

[0006] Realizing the limitations of silicon dioxide,
researchers have searched for alternative dielectric materials
which can be formed in a thicker layer than silicon dioxide
and yet still produce the same field effect performance. This
performance is often expressed as “equivalent oxide thick-
ness”™: although the alternative material layer may be thick,
it has the equivalent effect of a much thinner layer of silicon
dioxide (commonly called simply “oxide”). Many, if not
most, of the attractive alternatives for achieving low equiva-
lent oxide thicknesses are metal oxides, such as tantalum
pentoxide, titanium dioxide, and barium strontium titanate.

[0007] Researchers have found formation of such metal
oxides as gate dielectrics to be problematic. At typical metal
oxide deposition temperatures, the oxygen ambient or oxy-
gen-containing precursor required to form them tends to also
oxidize the silicon substrate, producing an oxide layer at the
interface between the substrate and the gate dielectric. The
presence of this interfacial oxide layer increases the effective
oxide thickness, reducing the effectiveness of the alternative
gate dielectric approach. The existence of the interfacial
oxide layer places an ultimate constraint on the performance
of an alternative dielectric field effect device.

SUMMARY OF THE INVENTION

[0008] The present invention includes a semiconductor
device structure utilizing either a hafnium nitride gate
dielectric layer, and a method for making the same. This
method also encompasses gate dielectrics formed from
nitrides of mixtures of Hf and Zr. With the present invention,
a hafnium (or hafnium-zirconium) nitride gate dielectric
may be formed with a dielectric constant substantially
higher than that of either conventional thermal silicon diox-
ide or silicon nitride dielectrics. Thus, the metal (Hf or
Hf—7Zr) nitride dielectric layer may be made substantially
thicker than a conventional gate dielectric with equivalent
field effect. Additionally, the presence of nitrogen, in at least
a partial thickness of the gate dielectric, helps to prevent the
diffusion of boron—such as from a boron-doped polysilicon
gate electrode—to the channel region.

[0009] Conventional researcher wisdom has been to avoid
nitrogen-based compounds for gate dielectrics. This aver-
sion is partly based on the tendency of silicon nitride to
reduce electron mobility in the channel. Additionally, inte-
grated circuit manufacturing researchers tend to hesitate
before investigating the addition of new materials, and
especially material types, for mass produced integrated
circuits. Additionally, the leakage current of hafnium
nitride—for many Hf/N ratios—is significantly higher than
the leakage current of many other approaches, such as SiO,
and silicon nitride.

[0010] In spite of this discouragement, our investigations
suggest that HE N, __ is stable next to Si for a wide range of
ratios. However, the resistivity drops—with a corresponding
increase in leakage current—as the percentage of Hf (or
Hf—Zr) increases. For x>0.5, the leakage current appears to
be too high to meet the requirements in the industry’s
roadmap for the future. In our preferred approach, where x
is approximately 0.3, the leakage current meets the roadmap
requirements, while providing a dielectric constant near 9 or
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10. Also, For xZ0.3, then the hafnium nitride layer seems to
remain amorphous, even if processed at temperatures up to
900 degrees C. These understandings and our research into
understanding the silicon/nitride interface has allowed us to
recognize the usability of hafnium nitride gate dielectrics.

[0011] We also investigated dielectrics with a formula of
(Hf,/Zr,_,).N,_, . These compounds are also stable next to
Si for a wide range of ratios. However, the (Hf—Zr)N
dielectrics tend to exhibit higher leakage currents than a HIN
dielectric with the same ratio x. We have found that the
leakage current is acceptable for (Hf/Z, )N, . com-
pounds with x=0.3 and z=0.8. Again the resistivity drops as
the percentage of Hf—Zr increases.

[0012] In one aspect of this invention, a method of fabri-
cating a semiconductor device is disclosed that includes
providing a single-crystal silicon substrate, which usually
includes structures, such as a channel region between a
source and a drain; forming a metal nitride gate dielectric
layer on the substrate, and forming a conductive gate over-
lying the gate dielectric layer. This metal can be hafnium, or
a hafnium-zirconium mixture.

[0013] In one hafnium-based approach, the hafnium
nitride dielectric layer is formed by forming hatnium on the
substrate, and annealing the formed metal in a non-oxidizing
atmosphere including nitrogen, such as atomic nitrogen or
NH, to form hafnium nitride. The hafnium can also be
nitrided by remote plasma nitridation.

[0014] In another approach, the hafnium nitride dielectric
layer is formed by sputtering hafnium nitride onto the
substrate, thus forming a hafnium nitride layer on the
substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] This invention, including the features and advan-
tages thereof, can be best understood by reference to the
following drawings, wherein:

[0016] FIG. 1 is a cross-sectional view of a typical prior
art integrated circuit field effect transistor.

[0017] FIGS. 2-5 are cross-sectional views of several
semiconductor devices, illustrating different surfaces appro-
priate for deposition of a hafnium nitride gate dielectric
according to the invention.

[0018] FIGS. 6-10 are cross-sectional views of a semicon-
ductor device during fabrication according to various
embodiments of the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0019] This application describes the embodiments in
terms of a hafnium nitride dielectric. However, due to its
chemical similarity, hafnium-zirconium mixtures can be
used in place of hafnium in most of these embodiments. In
some embodiments, these mixtures will be substantially
pure Hf, with only small amounts of Zr included. Due to
leakage current concerns, we prefer mixtures with less than
about 20% Zr (as compared to Hf). For the purposes of this
application, a Hf—Zr mixture refers to mixtures that have a
Hf to Zr ratio greater than about 80%. In general, both
hafnium nitride and hafnium-zirconium nitride provide high
dielectric constants and good chemical stability. Usually, we
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prefer HEN because of simplicity, its somewhat higher
dielectric constant, and that it may be more stable than
hafnium-zirconium nitride.

[0020] The preferred embodiments of the invention may
be fabricated on a silicon substrate, as described herein.
Although it is not required to practice this invention, it is
conventional to use a Si(100) substrate. The description of
these embodiments begins, as shown if FIG. 2, after for-
mation of an optional epitaxial Si layer 22 on substrate 20
and implantation of an active channel region 24 in epitaxial
layer 22 (or substrate 20, if no epi-layer is used). The
description assumes that a protective or native silicon oxide
region 26 (preferably comprising less than 1 nm of oxide)
overlies channel 24 in the region of interest. Such a silicon
oxide layer may be formed by heating a clean substrate to
600-700° C. for approximately 30 seconds, in an oxygen
ambient of ~10~ Torr. Processes for reaching this step in
fabrication are all well known in the art, as are various
equivalents to which the present invention is applicable.

[0021] The particular embodiment employed for forming
a hafnium nitride gate dielectric will dictate whether silicon
oxide region 26 will be either left in place and used in the
formation of an interfacial silicon-oxynitride layer, removed
such that the dielectric layer may be directly formed on the
underlying silicon, or removed and replaced with a passi-
vation layer designed to inhibit interaction of the substrate in
the hafnium nitride deposition process.

[0022] The immediately following description relates to
the preparation of the substrate for deposition of nitride-
forming materials, and is applicable to the specific embodi-
ments presented thereafter. There are two preferred starting
surfaces for the invention if silicon oxide region 26 is to be
removed. Region 26 may be removed so as to leave either
a clean, bare upper surface 28 as shown in FIG. 3, or a
hydrogen-terminated surface 28 as shown in FIG. 4. If oxide
region 26 is removed, the bare surface is preferred to the
hydrogen-terminated surface if chemical reaction of the
highly reactive bare Si surface can be prevented, e.g. by
processing in ultrahigh (less than ~10~® Torr) vacuum until
a point in the particular process where exposure to oxygen
can be tolerated. Otherwise, the bare Si surface should be
terminated with a suitable passivant, such as hydrogen,
which inhibits reoxidation, yet may be readily removed at an
appropriate point in the process.

[0023] The method of oxide removal is not believed to be
critical to the practice of the invention, as long as a clean,
oxide-free surface 28 can be maintained until an overlying
deposition is performed. One preferred method of perform-
ing removal of oxide 26 is by exposure to wet HEF, for
example by dipping the substrate in dilute HF for 30 seconds
and rinsing in deionized water. This both removes the native
oxide and hydrogen terminates the surface. Another pre-
ferred method is by exposure to HF vapor; this provides
similar results, but may be used. e.g., in a cluster tool to
further prevent reoxidation or contamination of the surface.
Either of these approaches may include other appropriate
stripping chemicals, with HF or a NH,F solution being
preferred as a last step to provide termination.

[0024] Several other methods produce a non-terminated
surface 28, as shown in FIG. 3. One such method with
particular applicability to cluster-tool practice is Si flux
desorption. It has been found that below 10~® Torr and at
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780° C., an Si flux of preferably 1.5 A/sec for about 600
seconds not only removes native oxide, but produces an
atomically smooth, stepped surface that may have advan-
tages for thin gate dielectrics. The alternative is simple
desorption by heating of the substrate to high temperature in
vacuum or in an H, ambient. It is believed, however, that the
Si-flux method results in a superior surface structure. In any
of these methods, if the substrate will not be kept in ultrahigh
vacuum until an overlying deposition is completed, surface
28 may be hydrogen terminated, e.g. by exposure to atomic
hydrogen produced by a plasma or hot filament in an H,
ambient.

[0025] Surface 28 may also be passivated with an ultrathin
layer, such as a silicon oxynitride layer, that is not, strictly
speaking, an oxide of silicon. Such layers can act as a
diffusion barrier and provide oxidation resistance to the
substrate during further processing of the integrated circuit.
If an oxynitride layer is used, the preferred method of
oxynitridation is by exposure to NO. This layer is preferably
less than 1 nm thick, and more preferably less than 0.5 nm
thick. Although the reasons are not well understood, this
ultrathin passivation layer greatly reduces oxidation of the
silicon substrate during further processing. Even with these
benefits, the dielectric constant reductions usually dictate
against using this oxynitride layer.

[0026] Although the effective dielectric constant of an
oxynitride layer is difficult to measure, it is believed to be in
the range of 5 to 6. Thicknesses less than 0.5 nm are even
more preferred, in order to lessen the effect of the passiva-
tion layer’s relatively lower dielectric constant on equivalent
oxide thickness. Nitrogen incorporation can improve the
effectiveness of an oxynitride layer as an oxidation barrier.
One way to enhance nitrogen incorporation is to post-anneal
anneal a NO-formed oxynitride layer in an ambient that
provides atomic nitrogen. This N anneal is not generally
recommended in this HEN approach, because the disadvan-
tages of additional N next to the silicon/silicon oxynitride
interface usually outweigh the benefits obtained.

[0027] Oxynitrides produced by other methods are not
believed to work as well. For instance, N,O processes result
in a much smaller incorporation of N than NO processes.
NH, processes require a pre-existing SiO, film, and thus a
uniform sub-nanometer oxynitride film appears to be diffi-
cult to achieve using NH;. Additionally, NH; annealing
apparently incorporates undesirable hydrogen into the film
structure.

[0028] 1If this oxynitride passivation is chosen, the follow-
ing NO process can be applied to the present invention is as
follows. The substrate is cleaned to remove the pad oxide.
As a final step in the cleaning, the substrate is dipped in
dilute HF for 30 seconds, and rinsed in deionized water. The
substrate is then placed in a reaction chamber, which is then
evacuated to 3x107% Torr, and then the substrate is heated to
500° C. to remove the hydrogen passivation from the
substrate surface. The substrate is heated to 700° C., and NO
at 4 Torr is introduced into the chamber for 10 seconds to
form the thin oxynitride passivation layer. FIG. 5 depicts a
passivation layer 30, typically a silicon oxynitride passiva-
tion layer.

[0029] Once the substrate has been prepared to provide
either a clean Si surface, an oxide layer, or a protective
barrier layer as described above, a hafnium (or hafnium-
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zirconium) nitride gate dielectric is formed on the substrate
by one of several methods. Several of these methods are
described below.

[0030] We chose hafnium nitride and hafnium-zirconium
nitride due to their stability next to silicon and higher
permittivity. The oxygen-free nature of these metal nitrides
allows process flows that minimize the possibility of form-
ing an interfacial SiO, layer between the metal nitride and
the underlying substrate. Additionally, HfN reacts with
oxygen to form hafnium oxynitride, and hafnium oxynitride
seems to have a heat of formation that is more negative than
the heat of formation of silicon dioxide. Thus, unintended
oxygen diffusion will often form stable hafnium oxynitride,
before it reaches the HIN—Si interface. In general, hafnium
(or hafnium-zirconium) nitride can be formed as either a
polycrystalline or an amorphous film. Generally, polycrys-
talline films will have better diclectric constant. However,
amorphous films generally have higher breakdown perfor-
mance, form a better diffusion barrier, and have lower
interface state densities. Also, with many of the embodi-
ments for formation of a hafnium (or hafnium-zirconium)
nitride dielectric according to the present invention, forma-
tion of an amorphous film tends to be easier than formation
of a polycrystalline film because of the uniform stoichiom-
etry required for a polycrystalline film.

[0031] The following embodiments are most readily per-
formed for thin gate dielectrics. In general, these methods
may be preferred when the equivalent oxide thickness is less
than about 2.5 nm, and will find increasing preference for
equivalent oxide thicknesses of 2 nm and below. For a HIN
composition with a dielectric constant near 10, this will
correspond to physical thicknesses of about 10 nm to 8 nm,
respectively.

[0032] Embodiment 1

[0033] In one embodiment according to the invention, a
hafnium-zirconium or hafnium nitride gate dielectric is
formed by depositing Hf or Hf—Zr on a clean Si surface,
nitriding this metal layer, and annealing this structure. In this
embodiment, a substrate such as shown in either FIG. 3 or
FIG. 4 is used. If surface 28 is hydrogen passivated as
shown in FIG. 4, the substrate can be briefly heated to above
500° C. in vacuum or an inert ambient to remove the
passivation.

[0034] Referring to FIG. 6, a metal layer 32 (e.g.
hafnium) is deposited directly on surface 28, e.g. by sput-
tering, evaporation, chemical vapor deposition (CVD) or
plasma CVD. The figures show that surface 28 is the surface
of channel region 24. However, formation of a metal nitride
layer on the surface of epitaxial layer 22 or substrate 20
follows the same method. Layers 20 and 24 will be used
interchangeably below, except where the context shows a
distinction is meant.

[0035] Sputter deposition is preferably done with a low-
energy plasma system, such as collimated or long-throw
sputtering. Low deposition rates (e.g. on the order of a few
angstroms per minute) may be useful, as the total thickness
to be deposited is small and uniformity is desired. For an 8"
wafer, deposition may be completed in a system with a base
pressure of 10~® Torr, an operating pressure of ~107> Torr,
and a separation between the sputter gun and the wafer of 16
inches, and the wafer may be rotated to improve uniformity.
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Ar is an acceptable sputter gas, and the wafer may be
maintained at a temperature of 400-600° C. during deposi-
tion.

[0036] As an alternative to sputtering, metal layer 32 may
be deposited by evaporation from an e-beam source onto a
substrate at 500-600° C., with a net deposition rate on the
order of tenths of angstroms to a few angstroms per minute.
The substrate is preferably rotated to improve uniformity.

[0037] Referring now to FIG. 8, metal layer 32 (from
FIG. 6) is converted to a hafnium (or hafnium-zirconium)
nitride layer 36 by nitridation. Process control is critical
during this step, as under-nitridation will result in decreased
resistivity and diffusion resistance and over-nitridation may
result in decreased capacitance for layer 36. Several pro-
cesses are available for this step. The metal can be converted
into hafnium nitride by direct exposure to an nitrogen
atmosphere, such as N, or atomic nitrogen.

[0038] Another alternative for nitridation is a remote
plasma nitridation. In this approach, nitrogen ions are
implanted into the metal layer. Preferably, the nitrogen-
containing substance is either N,, NH;, NO, N,O, or a
mixture thereof, and the plasma is preferably a high density
plasma. The wafer can be unbiased in which case the ionized
substances are accelerated by the plasma potential (which is
typically on the order of 20 Volts) and then implanted into
the insulating surface. A bias voltage can be applied to the
wafer to further accelerate the ions from the plasma and
implant them deeper into the insulating layer. Either a DC or
an RF bias voltage can be used to bias the wafer. This
nitridation can be performed with the following processing
conditions: the plasma density is between 1x10'° to 1x10*
cm™; the nitrogen is on the order of 1 to 100 sccm; the
process pressure is preferably on the order of 1 to 50 mTorr;
the temperature is preferably around 70 to 900K; the sub-
strate (wafer) bias is on the order of 0 to 50 Volts; and the
duration of exposure is between 1 to 60 seconds.

[0039] This plasma nitridation approach will usually
require a silicon oxynitride passivation layer 30, in order to
provide some process margin against nitridation of the
underlying channel region 24.

[0040] Generally, a high temperature anneal of hafnium
(or hafnium-zirconium) nitride layer 36 is selected to den-
sify—if desired, crystallize—the film after low temperature
nitridation. For example, the substrate may be densified by
annealing in Ar for 20 seconds at 750° C. This densifying
anneal may be done in either an inert or a reducing envi-
ronment, with a reducing environment particularly useful
where metal layer 32 was deposited by CVD using halogens.

[0041] Finally, with reference to FIG. 9, conductive gate
38 is deposited over the hafnium nitride gate dielectric 36.
Processes for depositing gate 38 are well known in the art;
gate 38 may be formed, by way of example, of doped
polysilicon, metal, or a conductive metal oxide.

[0042] In other approaches, polysilicon gates often require
an additional passivation layer between dielectric 36 and
gate 38 to prevent reduction of dielectric 36 and oxidation of
gate 38 at the interface. Although a passivation layer is
allowable, the polysilicon generally does not react with the
underlying hafnium (or hafnium-zirconium) nitride in a way
that tends to destroy the dielectric properties of the layer.
Thus, many of the compatibility benefits obtained at the
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bottom interface are also available at the top interface.
Additionally, the nitrogen in the dielectric 36 will greatly
reduce boron migration through the dielectric 36 to the
substrate 20 when a polysilicon gate is doped.

[0043] Embodiment 2

[0044] In a second embodiment according to the inven-
tion, a hafnium (or hafnium-zirconium) nitride gate dielec-
tric is formed by depositing hafnium (or hafnium-zirconium)
on a substrate in a nitrogen ambient, followed by annealing.
This embodiment preferably utilizes a substrate prepared by
one of the methods corresponding to FIGS. 2, 3, or 4, and
the metal may be deposited by one of the methods described
in embodiment 1, with the following differences.

[0045] Referring to FIG. 10, a nitrided hafnium-zirco-
nium (or Hf) layer 40 may be deposited on a clean Si surface
by sputtering Hf—Zr or Hf, as described above. However,
some amount of controlled nitrogen activity is used to at
least partially nitridize layer 40 as hafnium-zirconium is
supplied to the substrate. For example, N, or atomic nitrogen
may be introduced near the substrate during sputtering with
Ar, with a nitrogen flow rate of about one-tenth that of the
Ar flow rate. For a metal deposition rate of 0.1 nanometers
per minute, the nitridation gas may be introduced concur-
rently with or shortly before the start of the deposition
process. This pre-introduction may form a thin, interfacial
silicon nitride layer, but will prevent the formation of an
unnitrided hafnium layer.

[0046] If the hafnium is introduced by the evaporation
method, the nitridation gas is preferably added near the
substrate. To achieve near complete nitridation of the depos-
ited metal, ~5-10 Torr of N, may be used for a reasonable
range of metal deposition rates, including 0.1 nm/min.

[0047] Inthis approach, the reactions between the hafnium
(or hafnium-zirconium) nitride and the underlying layer can
produce a graded layer. One variation on this method is
shown in FIG. 7, wherein layer 40 is deposited over a silicon
oxynitride layer 30. In such an embodiment, nitrogen activ-
ity during the Hf deposition may be reduced, and an inter-
facial hafnium silicon-nitride layer 36 may be formed by
“stealing” nitrogen and silicon from layer 30 and/or “giving”
Hf to the silicon-oxynitride layer 30. The grading of the
structure may be adjusted by adjusting the relative initial
thicknesses of layers 30 and 40.

[0048] A grading effect can also be achieved by reducing
the nitrogen content at the beginning of the hafnium depo-
sition process, and gradually increasing the nitrogen con-
centration. This will provide a relatively metal-rich layer
(e.g. Hf, ;N or Hf, (N, ,) near the Si surface, thus increas-
ing the dielectric constant and minimizing electron mobility
degradation due to the nitrogen. The relatively nitrogen rich
layer (e.g. Hf,Ng 4 or Hf, ;N-) near the gate interface will
provide high resistivity and reduce leakage currents.

[0049] Embodiment 3

[0050] This embodiment generally follows the method of
embodiment 1, except that the HfN deposition follows a
more controlled process.

[0051] In the best-controlled—and thus often most pre-
ferred—approach, a HIN target is sputtered onto a bare Si
surface, in an inert atmosphere. This target should have the
desired HfN or (Hf—Zr)N composition. Compositions
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between about Hf,Ng and Hf, ,N,—such as Hf;N,—seem
to provide the best balance between high dielectric constant
and low leakage current.

[0052] Sputter deposition is preferably done with a low-
energy plasma system, such as collimated or long-throw
sputtering. Low deposition rates (e.g. on the order of a few
angstroms per minute) may be useful, as the total thickness
to be deposited is small (on the order of 9 nm) and
uniformity is desired. Although many different setups and
operational parameters will form high quality HfN films, we
will describe one useful setup here. For an 8" wafer, depo-
sition may be completed in a system with a base pressure of
~107® Torr, an operating pressure of ~10~> Torr, and a
separation between the sputter gun and the wafer of 16
inches, and the wafer may be rotated to improve uniformity.
Ar is an acceptable sputter gas, and the wafer may be
maintained at a temperature of 400-600° C. during deposi-
tion.

[0053] Though sputtering is usually preferred, there are
other methods of directly forming a HfN layer on a Si
substrate. These methods include depositing metal layer 32
by evaporation from an e-beam source onto a substrate at
500-600° C., with a net deposition rate on the order of tenths
of angstroms to a few angstroms per minute. The substrate
is preferably rotated to improve uniformity.

[0054] Another alternative method for forming the HfN
layer is CVD or plasma CVD using appropriate precursors,
such as hafnium tetrachloride and N,. Again, with these
methods low deposition rates and temperatures (600° C. and
lower) can be useful, and a downstream plasma type reactor
is preferred to a reactor where the plasma is generated at the
substrate.

[0055] Embodiment 4

[0056] In the approaches mentioned above, the nitrogen in
the dielectric will sometimes degrade the electron mobility
in the underlying channel. In this instance, it can be allow-
able to apply an ultra-thin silicon dioxide layer on the Si
substrate, before applying the HIN (or (Hf—Zr)N) dielec-
tric, as described above. Although this lowers the effective
dielectric constant of the gate dielectric stack, the resulting
dielectric stack provides a workable compromise design.
The stack provides improved dielectric properties over a
SiO, gate dielectric, or a Si0,—Si;N, stack, yet does not
inhibit electron mobility.

[0057] The present invention is not limited by the specific
embodiments described herein. Although a particular sub-
strate and type of device have been described herein for
clarity, this invention has application to Si-based devices
generally which modify the semiconducting characteristics
of an active region using the field effect of an overlying
conductive region. Various other combinations of the
described steps may be used to produce hafnium (or
hafnium-zirconium) nitride gate dielectrics, and such are
intended to fall within the scope of this invention.

What is claimed is:
1. A method of fabricating a field-effect device on an
integrated circuit, the method comprising:

providing a single-crystal silicon substrate;

forming a metal nitride gate dielectric layer on the sub-
strate,
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where the metal is selected from the group of hafnium and
mixtures of hafnium and zirconium; and

forming a conductive gate overlying the gate dielectric
layer.
2. The method of claim 1, wherein the metal is substan-
tially pure hafnium.

3. The method of claim 1, wherein the substrate comprises
a clean Si surface immediately prior to the depositing step.

4. The method of claim 1, wherein the forming a metal
nitride dielectric layer step comprises:

depositing a metal on the substrate,

where the metal is selected from the group of hafnium and
mixtures of hafnium and zirconium; and

exposing the metal to a non-oxidizing atmosphere includ-
ing nitrogen during the deposition step, thereby form-
ing a metal nitride layer on the substrate.

5. The method of claim 4, wherein the non-oxidizing
atmosphere includes atomic nitrogen.

6. The method of claim 4, wherein the non-oxidizing
atmosphere includes ammonia.

7. The method of claim 4, where the atmosphere includes
a nitrogen plasma, the plasma generated remotely from the
substrate.

8. The method of claim 4, where depositing a metal
comprises sputtering material from a target comprised of the
metal onto the substrate.

9. The method of claim 4, where depositing a metal
comprises evaporating the metal from a source.

10. The method of claim 4, where the nitrogen concen-
tration of the atmosphere is lower at the beginning of the
metal deposition step than at the end of the metal deposition
step; thereby providing a graded metal nitride layer with a
lower nitrogen content at the interface with the silicon
substrate than near the interface with the conductive gate.

11. The method of claim 1, wherein the forming a metal
nitride dielectric layer step comprises:

forming a metal on the substrate,

where the metal is selected from the group of hafnium and
mixtures of hafnium and zirconium; and

annealing the formed metal in a non-oxidizing atmo-
sphere including nitrogen, thereby forming a metal
nitride layer on the substrate.

12. The method of claim 11, wherein the non-oxidizing
atmosphere includes atomic nitrogen.

13. The method of claim 11, wherein the non-oxidizing
atmosphere includes ammonia.

14. The method of claim 1, where forming a metal nitride
gate dielectric layer on the substrate includes sputtering
material from a target comprised of the metal nitride onto the
substrate.

15. The method of claim 1, where forming a metal nitride
gate dielectric layer on the substrate includes evaporating
the metal nitride from a source onto the substrate.

16. The method of claim 1, further comprising annealing
the metal nitride layer.
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17. An integrated circuit having a field effect device
fabricated thereon, the field effect device comprising:

a single-crystal silicon semiconducting channel region;
ametal nitride gate dielectric overlying the channel region

where the metal is selected from the group of hafnium and
mixtures of hafnium and zirconium; and

a conductive gate overlying the gate dielectric.

18. The integrated circuit of claim 17, wherein the gate
dielectric is amorphous.

19. The integrated circuit of claim 17, including an
interfacial layer of silicon dioxide between the metal nitride
gate dielectric and the silicon channel region.

20. An MIS field-effect transistor, comprising:

a source and a drain disposed in a silicon layer and near
a first surface of the silicon layer;
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a hafnium nitride gate dielectric disposed on the first
surface, wherein the hafnium nitride gate dielectric
covers at least part of the space between the source and
drain.

a gate electrode disposed adjacent the hafnium nitride
gate dielectric and opposite silicon layer.

21. The method of claim 20, further comprising a thin
silicon dioxide layer disposed between and immediately
adjacent to both the silicon layer and the hafnium nitride
gate dielectric.

22. An integrated circuit made by the method of claim 1.
23. An integrated circuit made by the method of claim 4.
24. An integrated circuit made by the method of claim 11.



